Introduction {#sec1}
============

Glioblastoma is an aggressive primary tumor of the CNS with an overall median survival of approximately 1.5 years.[@bib1], [@bib2], [@bib3], [@bib4], [@bib5] Glioblastomas are immunosuppressive tumors with high levels of regulatory T cell (Treg) infiltration[@bib6] and B7H1 upregulation in tumor-associated macrophages.[@bib7] Thus, a reshaping of the glioma-associated microenvironment toward a pro-inflammatory signature might be a promising strategy to improve conventional therapeutic strategies. Oncolytic virotherapy using tumor-lytic viruses provides an interesting opportunity in this regard. Such viruses can be genetically engineered and are capable of inducing an oncolytic cascade. Lysed tumor cells release virions, viral components, and cellular debris encompassing highly immunostimulatory danger- and pathogen-associated motif patterns (DAMPs and PAMPs),[@bib8], [@bib9], [@bib10] which can serve as a strong induction stimulus of immune responses. The clinical evidence of complete remission in a patient treated with oncolytic measles virus (MeV) in relapsing drug-refractory myeloma further is a strong indicator for the oncolytic efficacy of MeV.[@bib11], [@bib12]

Moreover, MeV has already also been clinically tested for the treatment of glioblastoma patients. Based on first evidence of the anti-tumoral efficacy of MeV monotherapy against glioblastoma *in vitro* and in subcutaneous or orthotopic, immunodeficient animal models,[@bib13] this treatment option has been tested in a phase I clinical trial to treat patients with glioblastoma.[@bib14] While this trial provided clear evidence for the safety of oncolytic MeV applied in significant doses directly to the CNS of human patients, several pre-clinical studies provided evidence that MeV can be modified or combined with other treatment modalities. Among these analyses, it could be shown that MeV can be directly re-targeted to typical tumor markers of glioma, such as epidermal growth factor receptor (EGFR) and/or EGFRvIII,[@bib15] or even against glioma stem cells.[@bib16], [@bib17] On the other hand, the first indication of a fruitful combination of MeV with radiotherapy became evident;[@bib18] but, most interestingly, the combination of MeV with PD-1 checkpoint blocking in immunocompetent animal models indicated a significant immunotherapeutic component of oncolytic MeV in its anti-tumoral efficacy.[@bib9]

In any case, MeV is not the only virus species that is developed for its use as an anti-glioma entity. Desjardins et al.[@bib19] investigated convection-enhanced intratumoral delivery of recombinant nonpathogenic polio-rhinovirus chimera in progressive glioblastoma patients with efficacy analyzed as a secondary endpoint. Treatment with this chimera did not induce neurotoxicity and resulted in higher survival rates at 24 and 36 months post-treatment compared with historic controls. A gamma-retroviral replicating vector encoding cytosine deaminase (Vocimagene amiretrorepvec, Toca 511) was also investigated in a phase I trial in recurrent high-grade glioma patients.[@bib20] Infection by this virus becomes cytolytic after administration of the pro-drug 5-fluorocytosine, which is then locally converted into the chemotherapeutic agent 5-fluorouracil. Indeed, durable complete responses were observed in a subgroup of patients.[@bib20] As a fourth example, replication-competent oncolytic adenovirus DNX-2401 (tasadenoturev), which had demonstrated pre-clinically anti-glioma efficacy,[@bib21] was tested in a recent phase I trial in patients with progressive high-grade glioma. These patients received a single intratumoral injection of DNX-2401, but tumors became resected afterward to acquire post-treatment tissue.[@bib21] Also this trial observed a subgroup of long-term responders. DNX-2401-induced oncolysis was observed in post-treatment tissues, and histologies revealed treatment-induced tumor infiltration by CD8^+^ and T-bet^+^ T cells, while the transmembrane immunoglobulin mucin-3 hinted at a treatment-induced anti-tumoral immune reaction.[@bib22]

These selected recent examples highlight the potential of this therapeutic modality, in general, but especially MeV, with special focus on immunotherapy. Next steps include to question how their efficacy might be further enhanced. One option is the combination of virotherapy with other immunotherapeutic modalities, i.e., oncolytic virus therapy might help to alter the immunosuppressive glioma-associated microenvironment and thereby pave the way for the efficacy of subsequent immunotherapies, including peptide vaccinations strategies.

Based on these considerations, we investigated (1) how oncolytic MeV could be synergistically incorporated as a part of a sequential combination treatment with standard treatment modalities, i.e., radiotherapy (RT), or the chemotherapeutics temozolomide (TMZ) or lomustine (CCNU); (2) whether MeV-containing treatments induce usable therapy-induced molecular and immunological signatures; and (3) whether immunopeptidome analysis can reveal treatment-induced presentation of peptides that might be utilized therapeutically.

Results {#sec2}
=======

Expression of Oncolytic MeV Receptor CD46 Is Modulatd by Hypoxia or TMZ {#sec2.1}
-----------------------------------------------------------------------

Membrane cofactor protein or CD46 serves as receptor for cell entry of vaccine strain MeVs.[@bib23] Wild-type strains also use signaling lymphocyte activation molecule SLAM-F1 expressed in immune cells[@bib24] or nectin-4, an epithelial receptor.[@bib25], [@bib26] All glioma cells except primary GBM T708/16 expressed CD46 with mean fluorescence intensity (MFI) coefficient (CD46 to immunoglobulin G \[IgG\]) \> 10 ([Figure 1](#fig1){ref-type="fig"}A). No expression of nectin-4 was detected on the same panel of tumor cells ([Figure S1](#mmc1){ref-type="supplementary-material"}). In any case, all cell lines were susceptible to MV~NSe~-GFP (P), an Edmonston strain vaccine virus, which was developed for oncolysis ([Figure 1](#fig1){ref-type="fig"}B).Figure 1MeV Receptor Expression and Infectivity in Glioma Cells(A) Basal level of CD46 receptor expression in glioma cells, glioma stem-like cells, and primary glioblastoma cells determined via flow cytometry and depicted as relative MFI compared to isotype control. (B) MeV infectivity observed via GFP expression along with characteristic syncytial morphology as giant multinuclear aggregates visualized by fluorescence microscopy. Scale bar, 20 μm. (C) Significant (p = 0.011) increase in CD46 surface expression on LNZ308 cells subjected to hypoxia, with no effect of hypoxia in LN229 cells. (D) No change in CD46 expression after γ-irradiation of LN229 or LNZ308 cells. (E) A low dose (10 or 100 μM) of TMZ tendentially increases CD46 surface expression, while a high dose of TMZ (1,000 μM) significantly impairs CD46 expression in LNZ308 cells. Multiple t test with Holm-Sidak post hoc test in (C) and two-way ANOVA with Tukey's multiple comparison test in (E); \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. Data are expressed as mean ± SEM, n = 3 (A) and n = 9 (C--E).

To check for receptor expression under more physiologic or standard treatment-related conditions, we assessed CD46 expression after the cultivation of tumor cells at 1% O~2~ or after treatment with irradiation or TMZ ([Figures 1](#fig1){ref-type="fig"}C--1E). The expression of CD46 increased after hypoxia in LNZ308 ([Figure 1](#fig1){ref-type="fig"}C), but it remained unchanged after RT ([Figure 1](#fig1){ref-type="fig"}D). Low doses of TMZ, i.e., 10 or 100 μM, increased the expression of CD46 on LNZ308 cells, while treatment with 1,000 μM TMZ significantly reduced the surface expression of CD46 ([Figure 1](#fig1){ref-type="fig"}E). These treatment-induced changes in CD46 expression correlated with moderately increased MeV replication using low TMZ doses and decreased MeV replication with 1,000 μM TMZ ([Figure S2](#mmc1){ref-type="supplementary-material"}). These results prompted us to check systematically for potential synergism of the standard glioma treatment regimen with MeV oncolysis.

Combined Treatments Are Only Synergistic When Radiation Therapy Is Administered after Virotherapy {#sec2.2}
-------------------------------------------------------------------------------------------------

For synergism of different treatment modalities, the ways the tumor cells are respectively killed may be relevant. MeV can induce autophagy ensued by mitophagy to sustain an anti-apoptotic environment through the prevention of cytochrome *c* release to aid its replication.[@bib27], [@bib28], [@bib29] On the other hand, glioma cell killing by MeV has been described to have also apoptotic features.[@bib18] We verified MeV-induced autophagy in our studies via western blot analysis and co-localization studies utilizing a GFP-tagged LC3 (LC3-GFP), demonstrating cleavage and co-localization pattern expected for autophagy ([Figure S3](#mmc1){ref-type="supplementary-material"}). Due to their relevance for the current clinical standard of care in glioma therapy, we combined MeV virotherapy (VT) with RT and chemotherapy (CT) to seek synergistic treatment sequences. RT induces apoptosis.[@bib30], [@bib31] Accordingly, for MeV-containing combination treatments starting with RT, a rather antagonistic antiviral effect became evident. In contrast the VT-RT regimen sequence resulted in lower cell viability ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4C), mirroring previous reports.[@bib18] Consequently, we only considered combination treatments for the design of triple combinations of MeV, RT, and CT, where VT preceded RT. This resulted in the following combination regimens in our investigations: (1) VT-RT-CT, (2) VT-CT-RT, and (3) CT-VT-RT.

Triple Therapies Are Synergistic if the Treatment Algorithm Starts with Alkylating CT and Is Followed by VT and RT {#sec2.3}
------------------------------------------------------------------------------------------------------------------

We carried out cytotoxic survival assays utilizing TMZ dosed according to respective EC~50~[@bib32] in combination with VT and RT ([Figure S5](#mmc1){ref-type="supplementary-material"}). All triple regimens revealed dose-dependent killing, with synergistic effects mainly observed in CT-VT-RT ([Figures 2](#fig2){ref-type="fig"}A and 2B). The effect of VT was most prominent in CT-VT-RT ([Figures 2](#fig2){ref-type="fig"}A and 2B) compared with VT-RT-CT and VT-CT-RT ([Figures 2](#fig2){ref-type="fig"}C--2F). Given the clinical routine for treatment of glioblastoma with fractionated individual doses up to 2-Gy irradiation, we identified CT-VT-RT as the only regimen to exhibit maximal synergism at 2 Gy ([Tables S1--S6](#mmc1){ref-type="supplementary-material"}).Figure 2Anti-glioma Activity of CT-VT-RT as Synergistic Triple Regimen Using TMZ as Chemotherapeutic AgentThe treatment sequence CT-VT-RT is outlined at the indicated concentrations in (A) LN229 and (B) LNZ308 cells. Non-synergistic regimen VT-CT-RT showed poor combinatorial efficacy in (C) LN229 and (D) LNZ308 cells. Similarly, regimen VT-RT-CT exhibited poor combinatorial efficacy in (E) LN229 and (F) LNZ308 cells. Data are expressed as mean ± SEM, n = 9. Calculations of synergy are outlined in [Tables S1--S6](#mmc1){ref-type="supplementary-material"}.

To employ a more relevant system, we used the glioblastoma stem-like cell line GS8. We first determined the EC~50~ of TMZ in GS8 cells to be 250 μM ([Figure S6](#mmc1){ref-type="supplementary-material"}), and we continued with the investigations of triple therapies. Again, CT-VT-RT elicited synergy with doses of just 2-Gy radiation, 10% EC~50~ TMZ, and 0.05 MOI of MeV-GFP ([Figure S7](#mmc1){ref-type="supplementary-material"}). To also switch the chemotherapeutic agent, we then determined the EC~50~ of another clinically relevant alkylating agent, CCNU ([Figure S8](#mmc1){ref-type="supplementary-material"}), in LN229 and LNZ308 cells. The CT-VT-RT-initiated synergistic effect was retained when substituting TMZ with CCNU ([Figures S9](#mmc1){ref-type="supplementary-material"} and [S10](#mmc1){ref-type="supplementary-material"}). Moreover, the synergistic effect in CT-VT-RT was sustained in the TMZ-resistant cell line R-LN229 ([Figure S11](#mmc1){ref-type="supplementary-material"}, red line), while these cells displayed a comparable susceptibility to MeV as the parental LN229 cells.

Activation of Type I Interferon Response, Canonical JAK-STAT-Signaling Pathway, and MHC Class I Expression {#sec2.4}
----------------------------------------------------------------------------------------------------------

We next analyzed the treatment-induced molecular cascade by next-generation sequencing (NGS)-based RNA sequencing (RNA-seq) and subsequent validation by qPCR and ELISA. We included different time points for RNA sequencing analysis, as outlined schematically in [Figure S12](#mmc1){ref-type="supplementary-material"}. We identified a total of 2,592 genes with significant expression profile changes, and we continued our analysis with a selected subset of the identified genes of interest ([Figure 3](#fig3){ref-type="fig"}). All MeV-containing regimens (VT, CT-VT, and CT-VT-RT) upregulated RIG-I-like receptor (RLR)-signaling pathway genes, presumably upon detection of MeV RNA genomes ([Figure 3](#fig3){ref-type="fig"}). The innate RNA sensor DEAD box protein-58 (DDX58) showed an approximately 100-fold increase in mRNA levels at 72 h post-initial treatment (hpt) in the VT, CT-VT, and CT-VT-RT regimens ([Figure 4](#fig4){ref-type="fig"}A), resulting in roughly 1,000-fold increased transcription of interferon-beta (IFN-β) at 96 hpt within these groups ([Figure 4](#fig4){ref-type="fig"}A), which was reflected by increased amounts of secreted IFN-β protein ([Figure 4](#fig4){ref-type="fig"}B).Figure 3Transcriptional Signature Heatmap of Selected Genes Identified by RNA-SeqDepicted genes (x axis) were identified as main factors, with their transcriptional profiles in all treatments at 36 and 96 hpt (y axis) represented as log2 counts (mRNA copy numbers) in a heatmap. Blank data (0 hpt) served as the basal expression control for further analysis.Figure 4Molecular Profile in CT-VT-RT-Treated LNZ308 Cells(A) Fold change in mRNA expression levels of selected genes identified by RNA-seq, validated at sequential time points post-treatment (36, 72, and 96 hpt) by qPCR. The fold changes in gene expression were significantly higher at 72 and 96 h in VT, CT-VT, and CT-VT-RT when compared to other regimens and with non-significant differences among the VT-containing regimen. The significance values are not depicted to avoid confusing graph outline, unless differing from the above statement. (B) ELISA revealed production of IFN-β along with secretion of pro-inflammatory chemokines CCL5 and CXCL10 measured at 96 hpt. (C) Immunoblot analysis revealed overexpression of SAMD9 (upper panel) in MeV-containing regimen and the induction of TRAIL (middle panel). β-tubulin (lower panel) served as the loading control. (D) Immunoblot analysis showed no change in BATF2 protein expression (upper panel). β-tubulin (lower panel) served as the loading control. (E) Increased effector caspase 3 or 7 activity detected in MeV-containing regimen over respective control, CTL (R/V) regimen. Two-way ANOVA with Tukey's multiple comparison test in (A) and one-way ANOVA with Dunnett's multiple comparison test in (B); ns, non-significant; \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. Data are expressed as mean ± SEM.

IFN-β binding to the IFN α-β receptor (IFNAR) triggers downstream canonical JAK-STAT signaling with an inherent positive feedback loop.[@bib33] Accordingly, we indeed observed a 6-fold increase in STAT1 mRNA in VT and CT-VT regimens at 72 hpt ([Figure 4](#fig4){ref-type="fig"}A). Delayed STAT1 signaling might allow for efficient viral proliferation, as documented by the expression of MeV nucleocapsid protein in the CT-VT-RT regimen at 72 hpt ([Figure S13](#mmc1){ref-type="supplementary-material"}). STAT1 signaling resulting in the transcription of IFN-stimulated genes (ISGs) indicated a distinct antiviral state, with a 100-fold increase in IFN-induced 15-kDa protein (ISG15) and IFN-induced protein with tetratricopeptide-repeats 2 (IFIT2) mRNA levels ([Figure 4](#fig4){ref-type="fig"}A). Moreover, myxoma resistance proteins 1 (MX1) and 2 (MX2), as well as 2′-5′-oligoadenylate synthase 1 (OAS1) and 2 (OAS2) mRNAs ([Figure 4](#fig4){ref-type="fig"}A), were increased in all virus-containing regimens.

Upon activation by IFN-β, the ISGF3 complex can bind the IFN-sensitive response element (ISRE) in respective promoter regions and upregulate, e.g., major histocompatibility complex (MHC) class I expression.[@bib34] CT-VT-RT increased the cellular capacity of antigen presentation, with 1.5- to 2-fold elevated expression of MHC-I, type A (HLA-A) or B (HLA-B), mRNA at 96 hpt compared to CT-VT or VT treatment schedules ([Figure 4](#fig4){ref-type="fig"}A). Moreover, peptide transporter TAP1 protein was upregulated in all virus-containing regimens ([Figure 4](#fig4){ref-type="fig"}A), with a lack of MHC class I expression in other treatments ([Figure 4](#fig4){ref-type="fig"}A). These data might indicate a dependence on IFN-β signaling. Moreover, MeV infection induced the secretion of immunostimulatory chemokines. The synergistic regimen CT-VT-RT upregulated C-X-C motif chemokine-10 (CXCL10), with significantly increased protein expression ([Figure 4](#fig4){ref-type="fig"}B) of 633.9 pg/mL/μg total protein detected by ELISA, in comparison to just 289.6 pg/mL using only CT-VT, as had been suggested by the RNA sequencing data ([Figure 3](#fig3){ref-type="fig"}). Interestingly, CCL5 was uniquely detected in MeV-containing regimens ([Figure 4](#fig4){ref-type="fig"}B), confirming the transcriptional signature detected by RNA sequencing ([Figure 3](#fig3){ref-type="fig"}). VT monotherapy elicited a maximal secretion of CCL5, reaching a concentration of up to 45.2 pg/mL/μg total protein, while CT-VT and CT-VT-RT regimens triggered lower expression of CCL5, with 25.7 and 32.5 pg/mL, respectively ([Figure 4](#fig4){ref-type="fig"}B).

We identified several upregulated IFN-related genes upon MeV infection by RNA sequencing. The sterile alpha motif domain-containing protein 9 (SAMD9) was expressed at basal levels (0 h), with no change in expression upon TMZ, DMSO, or radiation treatments ([Figure 4](#fig4){ref-type="fig"}C, upper panel). However, SAMD9 protein was significantly increased upon MeV infection at 72 and 96 hpt in all virus-containing regimens, with CT-VT-RT showing higher levels in comparison to VT alone ([Figure 4](#fig4){ref-type="fig"}C, upper panel). Similarly, we observed an increase of anti-tumoral host factor basic leucine zipper transcriptional factor ATF2-like protein (BATF2) in all virus-containing regimens ([Figure 3](#fig3){ref-type="fig"}). Yet, the increased mRNA expression did not correlate with BATF2 protein levels ([Figure 4](#fig4){ref-type="fig"}D, upper panel).

Apart from their innate antiviral responses, ISGs possess the ability to initiate apoptosis.[@bib35] We observed an activation of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) triggering an apoptotic cascade in all virus-containing regimens. TRAIL protein was higher in CT-VT and CT-VT-RT compared to VT at 72 and 96 hpt ([Figure 4](#fig4){ref-type="fig"}C, middle panel). Furthermore, TRAIL corresponded to caspase 3 or 7 activity, with a 3-fold increase observed in CT-VT at 72 hpt and a more than 2-fold increase in the CT-VT-RT regimen at 72 and 96 hpt in comparison to a 1.5-fold increase for VT alone ([Figure 4](#fig4){ref-type="fig"}E).

Taken together, we observed key roles for IFN and STAT1 signaling as well as coherent increases in MHC-I upregulation and immunostimulatory chemokines during oncolytic virus (OV) treatment. Consequently, we continued our investigations on the respective molecular mechanisms (1) using inhibitors of IFN-β production (BX795) and STAT1 signaling (fludarabine); and (2) with an immunopeptidome analysis.

Selective Inhibition of Type I IFN Signaling Triggers an Interaction of BATF2 with IRF1 {#sec2.5}
---------------------------------------------------------------------------------------

When downregulating STAT1 transcription and phosphorylation by fludarabine and by BX795, alone or in combination ([Figures 5](#fig5){ref-type="fig"}A and 5B), IFN-β secretion was abolished in CT-VT-RT plus BX795, in CT-VT-RT plus BX795 and fludarabine, and also in CT-VT-RT plus fludarabine ([Figures 5](#fig5){ref-type="fig"}A and 5C). Inhibition of the IFN-β-STAT1 axis resulted in a complete loss of ISG induction and an absence of TRAIL expression ([Figure 5](#fig5){ref-type="fig"}D, lower panel). Yet, the stimulation of SAMD9 expression was not impaired upon inhibition of the IFN-β-STAT1 pathway ([Figure 5](#fig5){ref-type="fig"}D, upper panel). Most interestingly, BATF2 was highly upregulated upon the inhibition of IFN-β or STAT1 signaling when compared to the CT-VT-RT regimen without any additional manipulation or the CT-VT-RT + DMSO control treatment ([Figure 5](#fig5){ref-type="fig"}B). Also IFN regulatory factor 1 (IRF1) expression was increased ([Figure 5](#fig5){ref-type="fig"}B). Subsequent proximity ligation assays identified the potential molecular interaction of BATF2 with IRF1 ([Figure 5](#fig5){ref-type="fig"}E) upon treatment with CT-VT-RT plus fludarabine. Interestingly, *CCL5* is a known BATF2-IRF1-induced gene.[@bib36] Indeed, CCL5 expression was lower in the CT-VT-RT plus fludarabine ([Figure 5](#fig5){ref-type="fig"}F) regminen. Thus, the observed correlation of CCL5 expression in accordance with BATF2 and IRF1 expression in our setting might suggest a BATF2-IRF1 interaction-dependent transcription of *CCL5*. Moreover, we observed caspase activity in CT-VT-RT plus BX795 similar to CT-VT-RT without any inhibitor, despite the abrogation of TRAIL expression by BX795 ([Figure 5](#fig5){ref-type="fig"}G).Figure 5Selective Inhibition of Canonical JAK-STAT Signaling Might Lead to an Alternative Antiviral Signaling Network following CT-VT-RT Treatment(A) Transcriptional profiles determined via qPCR reveal the downregulation of IFN-β and STAT1 upon inhibitor treatment, also affecting downstream ISGs (MX1 and ISG15) and DDX58. (B) Immunoblot analysis after CT-VT-RT regimen with or without signaling cascade inhibitors monitoring levels of STAT1 and phosphorylated STAT1, along with BATF2, IRF1, and β-tubulin as loading controls as indicated. (C) Loss of IFN-β production upon inhibitor treatment determined by ELISA. (D) Immunoblot analysis after CT-VT-RT regimen with inhibitors. There was no change in SAMD9 expression (upper panel), but abrogation of TRAIL expression (lower panel) is shown upon inhibition. β-tubulin served as the loading control. (E) Proximity ligation assay reveals potential molecular interaction of BATF2 with IRF1 observed through increased red amplification signal in cells treated with CT-VT-RT plus fludarabine. Basal signal was observed in CT-VT-RT and CT-VT-RT plus DMSO alongside IgGs (inset) in all treatment regimens. Scale bar, 20 μm. (F) Decreased but detectable CCL5 expression in samples treated with CT-VT-RT plus molecular inhibitors determined via ELISA. (G) Effector caspase 3 or 7 activity in samples treated with CT-VT-RT plus molecular inhibitors indicate alternative host machinery initiating apoptosis. One-way ANOVA with Dunnett's multiple comparison test (A, C, F, and G); \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; \*\*\*\*p \< 0.0001. Flud, fludarabine.

MHC Class I Upregulation Correlates with Increased Presentation of Tumor and Viral Antigens by Glioma Cells {#sec2.6}
-----------------------------------------------------------------------------------------------------------

Based on the observed MHC-I upregulation and an increase of immunostimulatory chemokines, we hypothesized that the CT-VT-RT regimen might stimulate the presentation of tumor antigens by MeV-infected glioma cells. Thus, we performed an immunopeptidome analysis. Indeed, both CT-VT and CT-VT-RT distinctively increased antigen presentation, with 1,430 and 1,222 peptides isolated from MHC molecules after treatment, respectively ([Figure 6](#fig6){ref-type="fig"}A). The differential expression of antigenic ligands was higher in the VT-containing regimens (i.e., VT, CT-VT, and CT-VT-RT) when compared with CT or RT, and there were fewer differences among them ([Figure 6](#fig6){ref-type="fig"}B). In particular, CT-VT seemed to exhibit a significantly differential profile compared with CT and RT, respectively, and in complete correlation with their quantitative increase in isolated antigenic ligands. All treatment regimens revealed the presentation of tumor-associated antigenic peptides of Ephrin type-A receptor 2 (EPHA2) and Tenascin (TNC), which had been found associated with tumors, including glioblastoma.[@bib37], [@bib38] We isolated a novel tumor-associated peptide (LYTDRTEKL) processed from transforming growth factor-beta-induced (TGFBI), which had been exclusively presented in CT-VT. TGFBI is associated with anti-adhesive metastatic properties in cancers, including melanoma and prostate cancer,[@bib39], [@bib40] and it was significantly overexpressed in glioblastoma based on The Cancer Genome Atlas (TCGA) dataset interrogation ([Figure S14](#mmc1){ref-type="supplementary-material"}). Moreover, other TGFBI-derived peptides from glioblastoma sample have been previously discovered and revealed immunogenicity.[@bib41]Figure 6HLA Ligandome Analysis Revealed Increased Peptide Presentation upon MeV-Containing Combinatorial Treatments(A) Graph enumerating peptides and source proteins isolated from LNZ308 cells after individual treatments using HLA ligandomics, with CT-VT showing maximal presentation of peptides with 1,430 peptides, followed by CT-VT-RT with 1,222 peptides post-normalization. (B) Semiquantitative volcano plot analysis visualizing modulations in HLA ligands presented on LNZ308 cells upon different treatment regimens. Each dot represents an HLA ligand, with log2-fold changes in HLA ligand number indicated on the x axis and the respective Benjamini-Hochberg-corrected significance levels on the y axis. Significantly upregulated or downregulated HLA ligands (\>4-fold difference in number; p \< 0.01) are highlighted in red and blue, respectively. The significantly modulated HLA ligand percentages are mentioned in the quadrants.

In addition to the endogenous peptides, we observed the presentation of a novel HLA-A\*24-restricted MeV peptide ([Figure 7](#fig7){ref-type="fig"}A), VYPRYSNFI, in all virus-containing regimens. This peptide is processed from a highly conserved viral region, the MeV-L polymerase, and it was particularly increased in the triple regimen CT-VT-RT (2.7-fold increase) compared to VT alone ([Figure 7](#fig7){ref-type="fig"}B). Presentation of this MeV-L peptide triggered significant IFN-γ secretion from donor peripheral blood mononuclear cells (PBMCs) in enzyme linked immunospot (ELISpot) assays, with a mean spot count of 264.5, measured after a 12-day recall ([Figure 7](#fig7){ref-type="fig"}C, positive control with strongest signal, negative controls without signal), demonstrating that the identified viral peptide is highly immunogenic.Figure 7MeV Polymerase Peptide (L) Identified from HLA Ligandome Analysis Is Immunogenic and Highly Enriched in CT-VT-RT(A) Mass spectrometry spectra match between synthesized peptide (upper axis, above 0) and CT-VT-RT-identified MeV-L peptide (lower axis, below 0) from LNZ308 cells. (B) Semiquantitative analysis of ligandome (n = 5) indicates a 2.7-fold increase in MeV L-peptide, VYPRYSNFI, upon CT-VT-RT treatment over virotherapy alone. (C) VYPRYSNFI-stimulated healthy donor PBMCs secrete IFN-γ in ELISpot analyses, indicating the immunogenic potential of the peptide to elicit CD8^+^ T cell responses with appropriate signal-generating positive and signal-absent negative controls.

Discussion {#sec3}
==========

We identified a synergistic anti-glioma strategy based on oncolytic MeV in combination with standard treatment options, and we investigated the treatment-induced molecular and immunological signature. The combination of VT and RT was indeed synergistic and in line with previous results.[@bib18] Upon incorporation of TMZ or CCNU as standard chemotherapeutic agents (CT) in the clinical care, we identified the sequence of a triple regimen, CT-VT-RT, eliciting synergistic therapeutic effect.

We investigated the temporal molecular signature by transcriptomic (RNA sequencing) at different time points, and we detected an MeV-induced pro-inflammatory molecular signature in tumor cells ([Figure 3](#fig3){ref-type="fig"}), including increased transcription of SAMD9, BATF2, KAI1, and SEMA3D. These possess anti-tumoral characteristics, complementing results describing a role of IFN for oncolytic MeV infectivity.[@bib42] Contrary to reports suggesting downregulation of SAMD9 in response to IFN inhibition in Sendai virus-treated cells,[@bib43] SAMD9 expression remained unchanged by the inhibition of IFN-β or STAT1 signaling here ([Figure 5](#fig5){ref-type="fig"}D, upper panel). Furthermore, we observed similar levels of effector caspase 3 or 7 activity in CT-VT-RT, when compared to CT-VT-RT plus BX795, using a small molecule inhibitor of IFN-β production and the downstream JAK-STAT pathway. The consistent caspase activity accompanied by the loss of TRAIL expression in CT-VT-RT plus BX795 suggests that SAMD9 does not influence TRAIL-dependent apoptosis. Besides its anti-tumorigenic properties,[@bib44], [@bib45] SAMD9 has been suggested as an innate antiviral host factor in response to IFN stimulation and interaction with Sendai virus, vaccinia virus, myxomavirus, and others.[@bib43], [@bib46], [@bib47], [@bib48] Our data might indicate SAMD9 as an innate antiviral host factor, whose expression might even be independent of STAT1 signaling.

Despite increased abundance of the BATF2 mRNA in MeV-containing regimens (according to RNA sequencing), the amount of expressed BATF2 protein remained unchanged ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}D). Strikingly, the inhibition of IFN-β and STAT1 signaling through BX795 or fludarabine, respectively, led to an increase in BATF2 protein levels corresponding to elevated IRF1 protein expression ([Figure 5](#fig5){ref-type="fig"}B). Roy et al.[@bib36] demonstrated co-immunoprecipitation of BATF2 with IRF1 in response to mycobacterial infection, thereby revealing this interaction. The concomitant increase of BATF2 and IRF1 protein in response to the inhibition of type 1 IFN signaling was confirmed here also for MeV infection, and their molecular interaction was detected via proximity ligation assay ([Figure 5](#fig5){ref-type="fig"}E). Moreover, we detected in cells treated with CT-VT-RT, in combination with fludarabine and/or BX795, the secretion of a BATF2-IRF1 transcriptionally induced chemokine, CCL5,[@bib36] while IFN-β was not detectable ([Figures 5](#fig5){ref-type="fig"}C and 5F). This is particularly relevant, as both CCL5 and IFN-β are usually secreted in response to viral infection via the IRF3-signaling pathway, which was specifically inhibited upon BX795 treatment in our experimental setting.[@bib49], [@bib50] Thus, the expression of CCL5 and the activity of effector caspase 3 or 7 indicate a potential role for BATF2-IRF1 as an alternative antiviral host machinery.

The profound increase in chemokines regulating immune responses was consistent with upregulation of the antigen-processing machinery ([Figure 4](#fig4){ref-type="fig"}A). This prompted us to investigate the immunopeptidome. We detected increased numbers of antigenic peptides presented on HLA molecules (quantified through extrinsic ligandome enrichment), with maximal presentation detected in CT-VT and CT-VT-RT. All VT-containing regimens presented a specific novel MeV polymerase (L) peptide (VYPRYSNFI) on HLA-A\*24, while the CT-VT regimen induced presentation of a tumor-associated antigenic peptide TGFBI (LYTDRTEKL). The MeV-L peptide was particularly presented at high levels in the triple regimen CT-VT-RT ([Figure 7](#fig7){ref-type="fig"}B), and it is highly immunogenic, as outlined by IFN-γ ELISpot data ([Figure 7](#fig7){ref-type="fig"}C). This treatment-induced immunologic signature and the presentation of the VYPRYSNFI peptide might be clinically relevant in two ways: First, MeV-infected cells might reshape the tumor-associated microenvironment toward an immunogenic signature by the attraction of antiviral immune cells, generating an inflammatory milieu. Second, the peptide could be exploited for a tailored vaccination strategy that enhances immune responses toward the remaining MeV-infected cells. Of note, the treatment-induced immunogenic signatures were accompanied by increased PD-1L transcription ([Figure 3](#fig3){ref-type="fig"}) that might explain the previously reported benefit of combining MeV with immune checkpoint blockade inhibitors.[@bib9], [@bib51]

Speranza et al.[@bib52] combined a chemo-virotherapeutic approach of non-replicating adenovirus encoding thymidine kinase along with anti-PD1 antibodies, resulting in the activation of proinflammatory type 1 IFN response *in vitro* and *in vivo*. Such a regimen enhances immunogenic cell death effectuated in combination with checkpoint blockade inhibitors due to upregulated PD-L1 expression, as can be seen with the increased percentage of long-term survivors when compared to either treatment alone in mice as well as the lack of tumor growth upon rechallenge in such long-term-surviving animals.[@bib52] Similarly, our combinatorial oncolytic approach using MeV could be exacerbated through the cloning of cytotoxic genes in clinical use, such as super cytosine deaminase (SCD) or human thyroidal sodium iodide symporter (NIS), and the latter also utilized for live imaging of viral dynamics through non-invasive radioiodine single-photon emission computed tomography (SPECT).[@bib11], [@bib53]

Kurokawa et al.[@bib42] identified IFN pathway activation as a key determinant for efficient oncolytic measles viral infectivity in human glioblastoma specimens. While this study is in the same research field, the driving questions are different and the results are complementary. First, we present a comprehensive analysis of a combination therapy enhancing the immunogenic signature of MeV-based treatments, as suggested by Kurokawa et al.[@bib42] Second, we present novel data on the treatment-induced immunopeptidome by applying mass spectrometry (MS)-based ligandomics. Third, our results characterizing the role of IFN signaling upon STAT inhibition further support their results, despite the use of different inhibitors (JAK inhibition).[@bib42] Fourth, uncovering the role of BATF2-IRF1 as a potential antiviral host machinery in the absence of IFN signaling is a novel feature in our study. Finally, our molecular model delineates further key players in IFN signaling determining oncolytic MeV infectivity for successful implementation in clinical trials, as well as understanding MeV biology.

In conclusion, a sequential triple combination of TMZ (or CCNU), MeV, and radiation therapy has synergistic anti-glioma activity, and it leads to an actionable treatment-induced molecular and immunological signature. Thus, a CT-VT-RT regimen could be combined with tailored peptide vaccinations with our newly identified peptide sequences, potentially in combination with checkpoint blockade antibodies. Our data might thus lead to the conception of new tailored immuno-virotherapeutic strategies.

Materials and Methods {#sec4}
=====================

Cell Lines and Primary Tissue {#sec4.1}
-----------------------------

The human long-term glioma cell lines LN229 and LNZ308, human colorectal adenocarcinoma cell line HT29, and the cell line HEK293T were obtained from American Type Culture Collection (ATCC), and they were cultured in DMEM (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum and 50 μg/mL gentamycin (Thermo Fisher Scientific). The MeV producer cell line 293-3-46[@bib54] was a kind gift by Dr. Roberto Cattaneo, and African green monkey kidney Vero B4 cells were obtained from Leibniz Institute DSMZ - German Collection of Microorganisms and Cell Cultures (DSMZ) and cultured as described. The glioma stem-like (GS) cell lines GS3 and GS8 were kindly provided by Katrin Lamszus.[@bib55] The primary tumor cell lines T81/16, T708/16, and T1094/17 were harvested from fresh glioblastoma tissue obtained from patients undergoing surgery at the Department of Neurosurgery, University Hospital Tübingen (ethical approval 456/2009B02), and they were cultured similar to GS cells in Neurobasal medium (Thermo Fisher Scientific) supplemented with 20 ng/mL recombinant human fibroblast growth factor (PeproTech), 20 ng/mL recombinant human epidermal growth factor (PeproTech), 2 mM L-glutamine (Thermo Fisher Scientific), 10% B-27 supplement (Thermo Fisher Scientific), and 50 μg/mL gentamycin (Thermo Fisher Scientific). The TMZ-resistant cell line R-LN229 was generated by repetitive exposure of parental LN229 to TMZ, as previously described.[@bib56]

Flow Cytometry for Basal CD46 Receptor Expression and Post-treatments *In Vitro* {#sec4.2}
--------------------------------------------------------------------------------

Cells were stained with 0.5 μg antibody (either CD46-PE \[8E2\] or IgG1κ-PE, Thermo Fisher Scientific; and nectin-4-APC or IgG~2B~-APC, R&D Systems), and receptor expression was measured in a MACSQuant Analyzer 10 (Miltenyi Biotec). The ratios of MFIs of receptor antibody versus isotype control were calculated, and graphs generated using GraphPad Prism 6 software.

CD46 Receptor Expression after Treatments *In Vitro* {#sec4.3}
----------------------------------------------------

LN229 and LNZ308 cells were treated with TMZ (0, 10, 100, or 1,000 μM), γ-irradiation (0, 1, 2, or 4 Gy), or under different oxygen conditions (21% O~2~ \[normoxia\] or 1% O~2~ \[hypoxia\]) for 48 h. Then, levels of CD46 receptor expression were analyzed via flow cytometry along with viability staining using 7-aminoactinomycin D (7-AAD, Thermo Fisher Scientific), as described above.

MeV Production {#sec4.4}
--------------

The recombinant Edmonston strain of MeV (NSe) encoding GFP or the rapidly maturing variant of *Discosoma sp.* red fluorescent protein (DsRed) in the post-P position was rescued as described previously.[@bib54] The viruses were propagated in Vero cells, and titers were determined by 50% tissue culture infective dose (TCID~50~) titration by the Kärber method.[@bib57]

Measles Viral Infectivity Post-TMZ Treatment {#sec4.5}
--------------------------------------------

10^5^ LNZ308 cells were seeded in 6-well plates 1 day before treatment initiation with TMZ at doses of 0, 10, 100, and 1,000 μM for 48 h. Post-TMZ treatment, cells were infected with MeV-GFP at doses of 0.01 and 0.05 MOI for 48 h to measure viral infectivity. The virus-treated cells were harvested along with supernatants to calculate viral titers by TCID~50~ titration using the Kärber method by propagation in Vero cells, as described above.

Fluorescence Microscopy {#sec4.6}
-----------------------

Cells were seeded on glass chamber slides coated with poly-L-lysine (PLL, Sigma-Aldrich) alone for adherent cells or along with laminin (Sigma-Aldrich) for suspension cultures 1 day before infection with MeV-Nse-GFP at 1 MOI for 72 h at 37°C. Cells were fixed with 4% paraformaldehyde followed by nuclear staining with DAPI (Thermo Fisher Scientific). Images were captured with a Zeiss microscope using Apotome (Carl Zeiss), and image analysis was carried out with AxioVision software (Carl Zeiss).

LC3-GFP Puncta Assay {#sec4.7}
--------------------

Cells were treated with different treatment regimens (blank, RT, and VT) in serum-free medium followed by serum supplementation. Cells were stained for LC3-GFP 12 hpt along with nuclear Hoechst 33342 using CYTO-ID Autophagy detection kit 2.0 (Enzo Life Sciences), as per the manufacturer's instructions. Images were captured with a Zeiss microscope using Apotome (Carl Zeiss), and image analysis was carried out with AxioVision software (Carl Zeiss).

Acute Cytotoxicity Assay {#sec4.8}
------------------------

LN229 and LNZ308 were seeded at 5,000 cells/well in 96-well plates 1 day before treatment initiation. All treatments were carried out in serum-free DMEM along with their respective controls, and cell viability was measured at 72 hpt using Cell titer blue solution (Promega), as per the manufacturer's instructions. The measured values were converted to percentage cell viability by normalizing each treatment to its respective control within the individual regimen.

Cytotoxic Survival Assay {#sec4.9}
------------------------

We designed a cell viability assay to elicit and determine the oncolytic cascade effect initiated by MeV in combination with cytotoxic agents such as TMZ. Herein, measurement of cytotoxicity associated with recurrent ineffective mismatch repair or lysis of MeV-induced syncytia requires longer readout periods of 144 hpt as opposed to a classical 72 hpt acute cytotoxicity assay. The predicted values of combinations used to determine synergy were calculated from the individual monotherapies, RT, CT, and VT, by the Chou-Talalay fractional product method.[@bib58]

LN229, R-LN229, and LNZ308 cells were seeded at 5,000 cells/well in 96-well plates 1 day before treatment initiation with γ-irradiation, alkylating CT, or MeV VT, alone or sequentially as combinatorial regimens, in serum-free DMEM at the indicated concentrations or doses. The percentage cell viability at 144 hpt was measured using Cell titer blue solution (Promega), as per the manufacturer's instructions. The measured values were converted to percentage cell viability by normalizing each treatment to its respective control within the individual regimen. The predicted values of combinations used to determine synergy were calculated from the individual monotherapies, RT, CT, and VT, by the Chou-Talalay fractional product method,[@bib58] defined as the product of the viable fractions after treatment with all agents alone. If the observed value of the co-treatment is less than that of the calculated predictive value, the combination of agents was deemed to be synergistic and not only additive. This is in accordance with an alternative method of synergy calculation using the coefficient of drug interaction without conversion to ratios.[@bib59]

GS8 cells were seeded at 50,000 cells/35-mm dish 1 day before treatment initiation, and all treatments were performed in serum-free neurobasal medium. The measurement of cell viability was performed in triplicates with 5,000 cells at 144 hpt using Cell titer blue solution (Promega), as described previously. The graphs were generated using GraphPad Prism 6 with percentage cell viability post-treatments.

Immunoblotting {#sec4.10}
--------------

Cells of interest were lysed in lysis buffer containing 25 mM Tris hydrochloric acid (Tris-HCl), 120 mM sodium chloride (NaCl), 5 mM EDTA, 0.5% NP-40, and phosphatase inhibitor cocktails (Sigma-Aldrich). Proteins were separated on 4%--12% polyacrylamide gels (Thermo Fisher Scientific) followed by transfer to polyvinylidene fluoride (PVDF) membranes (Thermo Fisher Scientific). The blots were blocked in Tris-buffered saline containing 5% skim milk (Becton Dickinson) and 0.05% Tween 20 (Sigma-Aldrich) for 1 h. Protein blots were probed with primary antibodies overnight at 4°C and, after thorough washing, for 1 h at room temperature with horseradish peroxidase-coupled secondary antibodies (Abcam) the following day. Protein bands were visualized using Pierce chemiluminescent substrate solutions (Thermo Fisher Scientific), and image capture and analysis were carried out with ChemiDoc MP imaging system (Bio-Rad) using Image Lab software (Bio-Rad).

Antibodies and Reagents {#sec4.11}
-----------------------

Antibodies against SAMD9 (EPR13603), BATF2 (EPR10667), STAT1-α (EPYR2154), STAT1 phospho-Y701 (M135), and IRF1 (EPR18301) were purchased from Abcam. Antibodies against TRAIL (C92B9), LC3A (D50G8), and β-tubulin (9F3) were purchased from Cell Signaling Technology. Antibody against MeV- nucleoprotein (N) was purchased from Novus Biologicals. Antibody against IRF1 (13H3A44) was purchased from BioLegend for the proximity ligation assay. Anti-rabbit and anti-mouse horseradish peroxidase-coupled secondary antibodies were purchased from Abcam. TBK1 and IKKε inhibitor BX795 was purchased from InvivoGen and used at a concentration of 10 μM.[@bib60] Fludarabine (Selleckchem) was used as a functional STAT1 inhibitor at a concentration of 100 μM.[@bib61]

Real-Time qPCR {#sec4.12}
--------------

RNA extractions were performed using the RNeasy mini kit (QIAGEN) and reversely transcribed to cDNA using the High-Capacity RNA-to-cDNA kit (Thermo Fisher Scientific), according to the manufacturers' instructions. For each qPCR reaction, 20 ng cDNA was amplified with custom-designed primers ([Table S7](#mmc1){ref-type="supplementary-material"}) and qPCR Mastermix Plus for SYBR Green (Eurogentec) using the 7500 Fast Real time PCR system (Thermo Fisher Scientific). Relative gene expression was determined using the ΔΔ-CT method versus the housekeeping gene ARF1.

ELISA {#sec4.13}
-----

The respective chemokine or cytokine concentrations were determined enzymatically per microgram of total protein using the respective DuoSet ELISA kits, according to the manufacturer's instructions (R&D Systems).

RNA Sequencing and Analysis {#sec4.14}
---------------------------

LNZ308 cells were seeded at 3 × 10^6^ cells/dish and treated with monotherapies (RT, 2 Gy; CT, 130 μM; VT, 0.05 MOI), double regimen (CT-VT, 130 μM-0.05 MOI), and synergistic triple regimen (CT-VT-RT, 130 μM-0.05 MOI-2 Gy), along with DMSO as control for CT-initiated regimens (CTL-DMSO) and controls for RT-alone and VT-alone regimens (CTL \[R/V\]) under serum-free conditions. Blank (0 hpt) served as basal control for expression. RNA was isolated at 36 and 96 hpt using an RNeasy Mini kit (QIAGEN), according to the manufacturer's instructions, and quality was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies). Samples with high RNA integrity number (RIN \> 8) were selected for library construction.

Using the TruSeq Stranded RNA Sample Prep Kit (Illumina) and 400 ng total RNA for each sequencing library, poly(A)-selected single-read sequencing libraries (68-bp read length) were generated according to the manufacturer's instructions. All libraries were sequenced on an Illumina HiSeq2500 platform at a depth of 18--20 million read search. Library preparation and sequencing procedures were performed by the same individual to minimize technical batch effects. Raw fastq files were pre-filtered using the chastity filter to remove reads that contained a "Y" flag. FastQC (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc>) was used to determine quality of the resulting fastq files. Subsequently, an adaptor trimming or removal process was conducted with Cutadapt (<https://pypi.org/project/cutadapt/>), version 1.8.3.[@bib62] This step used the FastQC output to identify reads that showed a match to some typical overrepresented (Illumina) sequences or adapters. TopHat2 was used as the aligner to map the quality-controlled remaining reads to the human genome.[@bib63] Read counting to features (genes) in the genome was performed with HTSeq (<https://htseq.readthedocs.io/en/release_0.11.1/>), version 0.6.0.[@bib64] Counting was performed using "union" mode on the feature "gene_id," where each gene is considered here as the union of all its exon counts. The stranded option was also set to "stranded=no" to count features on both strands. For differential expression analysis, the raw read count table provided by HTSeq was used in the R package DESeq2 (version 1.10.1).[@bib65] Adjusted p values were used at an FDR (false discovery rate) \<0.05 to account for multiple hypothesis testing. The RNA sequencing results have been deposited and are accessible at GEO: [GSE111247](ncbi-geo:GSE111247){#intref0025}.

Functional Inhibition of IFN-β and JAK-STAT Pathway {#sec4.15}
---------------------------------------------------

LNZ308 cells were seeded at 3 × 10^6^ cells/dish, and they were treated with the synergistic CT-VT-RT regimen as described previously (RNA sequencing). At 36 hpt upon completion of CT-VT-RT, IFN-β inhibitor (BX795) and STAT1 inhibitor (fludarabine) were added alone or in combination along with a DMSO control to obtain five regimens. The RNA, protein, and supernatants were harvested at 96 hpt for further analysis.

Proximity Ligation Assay {#sec4.16}
------------------------

The cells were subjected to proximity ligation assay using Duolink *In Situ* red starter kit Mouse/Rabbit (Sigma-Aldrich) along with suitable IgG controls, as per the manufacturer's instructions. Images were captured with a Zeiss microscope using Apotome (Carl Zeiss), and image analysis was carried out with AxioVision software (Carl Zeiss).

HLA Ligandome Analysis {#sec4.17}
----------------------

Cells subjected to treatment regimens as mentioned above (RNA sequencing) were harvested at 96 h, washed twice with cold PBS (Lonza), and stored frozen at −80°C, with subsequent isolation of HLA class I molecules using standard immunoaffinity purification, as described previously.[@bib66], [@bib67] The MS proteomics data have been deposited via the PRIDE partner repository, and they are accessible at ProteomeXchange Consortium: [PXD008984](pride:PXD008984){#intref0030}.

Database Search and Spectral Annotation of HLA Ligandome {#sec4.18}
--------------------------------------------------------

Data were processed against the LNZ308 proteome derived from RNA sequencing and the oncolytic MeV proteome (UniProt) applying the SequestHT algorithm[@bib68] in the Proteome Discoverer 1.3 (Thermo Fisher Scientific) software. Precursor mass tolerance was set to 5 ppm, fragment mass tolerance was set to 0.5 Da, and oxidized methionine was allowed as a dynamic modification. Percolator[@bib69]-assisted FDR calculation was set at a target value of q ≤ 0.05 (5% FDR). Peptide spectrum matches with q ≤ 0.05 were filtered according to additional orthogonal parameters to ensure spectral quality and validity. Peptide lengths were limited to 8--12 amino acids (aa). HLA annotation was performed using NetMHCpan-3.0,[@bib70] based on the HLA class I typing of LNZ308.[@bib71]

Analysis of LNZ308 Ligandomes in Different Conditions {#sec4.19}
-----------------------------------------------------

For label-free quantification of the relative HLA ligand abundances under the different conditions (CT, CT-VT, CT-VT-RT, VT, and RT), the injected peptide amounts of paired samples were normalized, and liquid chromatography-tandem MS (LC-MS/MS) analysis was performed in five technical replicates for each sample.[@bib66] In brief, relative amounts of substance of paired samples were calculated from average precursor ion intensities determined in dose-finding MS runs and adjusted accordingly by dilution. Relative quantification of HLA ligands was performed by calculating the area under the curve of the corresponding precursor-extracted ion chromatograms using Proteome Discoverer 1.3. The ratios of the mean areas of the individual peptides in the five label-free quantification MS runs of each sample were calculated, and two-tailed t tests were performed using an in-house MATLAB script (version \[v.\]8.2, MathWorks).

Peptide Synthesis {#sec4.20}
-----------------

The automated peptide synthesizer Liberty Blue (CEM) was used to synthesize peptides using 9-fluorenylmethyl-oxycarbonyl/tert-butyl (Fmoc/tBu) strategy. The identity and purity of peptides were validated by reversed-phase LC (nanoUHPLC, UltiMate 3000 RSLCnano, Dionex) and online coupled LTQ Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific) system. Synthesized peptide was used in the validation of LC-MS/MS identification as well as in functional experiments.

TCGA Dataset Analysis {#sec4.21}
---------------------

We downloaded the gene expression RNA sequencing data of low grade gliomas (LGGs) and glioblastomas (GBMs) (Illumina) and the associated clinical data from the NIH National Cancer Institute GDC portal (<https://portal.gdc.cancer.gov>) released by TCGA. The survival data from TCGA were merged with gene expression data and other associated clinical information using corresponding sample IDs.

T Cell Culture {#sec4.22}
--------------

Blood samples of healthy donors matched for HLA-A\*24 serotype were kindly provided by the Institute for Clinical and Experimental Transfusion Medicine at the University Hospital Tübingen after obtaining written informed consent. PBMCs were isolated by standard Ficoll-Hypaque (Biocoll, Biochrom) density gradient centrifugation.[@bib72] Cells were stored at −80°C in fetal calf serum (FCS) (Sigma-Aldrich) and 10% DMSO (Merck, Whitehouse Station, NJ, USA). After thawing, the cells were rested overnight prior to stimulation with culture conditions of 37°C and 7.5% CO~2~ in humidified incubators.

IFN-γ ELISpot Assay {#sec4.23}
-------------------

The IFN-γ ELISpot assay after 12-day stimulation was performed as described previously[@bib73] along with suitable controls. Briefly, cells were stimulated 24 h after thawing with 1 μg/mL candidate MeV peptide or control peptides. IL-2 (R&D Systems) was added on days 2, 5, and 7 with a final concentration of 20 U/mL or 1,000 U/mL for PBMCs of healthy donors or tumor infiltrating lymphocytes (TILs), respectively. On day 12, cells were harvested and IFN-γ ELISpot was performed. Phytohaemagglutinin (PHA, Sigma-Aldrich), the HLA-A\*24:02-restricted Epstein Barr virus (EBV) epitope TYPVLEEMF (EBV BRLF1_198-206), or a pool of 18 viral peptides of different HLA restrictions was used as the positive control to generate a strong positive signal. HLA-A\*24:02-restricted PP1G peptide KYPENFFLL (HUMAN PP1G_113-121) or medium alone served as the negative control. Spot counts were determined using an ImmunoSpot S6 Analyzer (Cellular Technology), with T cell responses considered to be positive if the mean number of spots per well was at least 10 and more than three times the mean number of spots of the negative controls.

Statistical Analysis {#sec4.24}
--------------------

Statistical significance was calculated using two-way ANOVA followed by Tukey's multiple comparison test, one-way ANOVA with Dunnett's multiple comparison test, or with multiple t test, as suitable and respectively indicated. p values less than 0.05 were considered statistically significant and all values are expressed as mean ± SEM.
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